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Abstract

results is needed before clinical implementation.

Objectives: To evaluate impact of first therapy session, containing functional electrical stimulation (FES) and therapeutic
exercises (TE) on erector spinae (ES) and rectus abdominis (RA) force generation in persons with spinal cord injury (SCI).
Methods: Five men with SCI were divided in two groups - FES+TE received concurrent FES on ES and RA and TE, TE only
TE. Participants performed exercises for improving sitting balance and posture. Muscles’ electrical activity was evaluated
by electromyography; amplitude (AEMG) and median frequency (MF) were used for analysis. Results: AEMG of ES left
(L) increased 292.9% (g=-0.92), right (R) 175% (g=-1.01), RA L 314.3% (g=-0,81, P<0.05), R 266.7% (g=-0.08)
in FES+TE. AEMG of ES L increased 47.6% (g=-0.46), R 96.4% (g=-0.95); RA L 7.1% (g=-0.97), but R decreased
6.7% (g=0.12) in TE. MF of ES L increased 108.5% (g=-0.74), R 184% (g=-1.25); RA L 886.7% (g=3-05, P<0.05),
R 817.6% (g=-2.55, P<0.05) in FES+TE. MF of ES L increased 95.2% (g=-1.02), R 161.4% (g=-1.64); RA L 3,2%
(g=-0.06), R 30.8% (g=-0.46) in TE. Conclusions: In SCI persons, single session exercises and concurrent functional
electrical stimulation may be more effective on muscles™ force generation than only exercises. However, replication of the
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Introduction

Traumatic spinal cord injury (SCI) is caused by different
types of trauma and results in damage to sensory, motor and/
or autonomic function. Injury may cause long-term disability,
that can have an impact on persons’ physical, social and
psychological well-being and therefore on quality of life'2. The
quality of life also depends on the ability to sit unsupported,
which is very important in SCI persons’ everyday life, as
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sitting balance is needed to perform functional activities®.
Persons with SCI often sit on the front edge of the wheelchair
or on bed for different activities, therefore good postural
stability is critical®. After SCI, compensatory strategies (e.g.
posterior pelvic tilt) are used to maintain sitting balance®*. In
SCl persons with high thoracic injury, the latissimus dorsi, the
ascending part of trapezius, the cranial section of the pars
sternocostalis of the pectoralis major, the serratus anterior
and the cranial parts of the thoracic erector spinae (ES) play
an important role in unsupported sitting during activities
of daily living (ADL)>". Voluntary activation of muscles that
remain below the level of injury is impaired and therefore
muscles’ force generation is reduced®®. Rapid and significant
loss of muscle mass occurs followed by a transformation of
muscle fibers to fast fatigable type (Type II) and subsequently
a change in muscle contractile properties'®. Type Il motor
units (MU) have axons with relatively large diameter and
muscle fibers with large cross-sectional area, representing
fast and forceful contractions, but they fatigue quickly'. In
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Figure 1. Schematic representation of crossover study design.
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paralyzed muscles proportionally more muscle fibers are of
Type Il than Type |, therefore muscles are more susceptible to
fatigue and their voluntary force output decreases'.

Strength training is commonly used to improve muscles’
force generation, but in case of SCI, functional electrical
stimulation (FES) can also be applied to activate muscle
recruitment'® and thus increase muscles’ resistance to
fatigue's. FES is used to elicit muscle contractions in upper
motor neuron lesions®'3 and it has been potentially useful
also in rehabilitation of persons with SCI°. Thus, stimulation
of paralyzed muscles produces functional contractions and
therefore improving SCI persons’ functions®' such as trunk
stability®. Evidence shows conflicting results in combing FES
andprogressiveresistancetrainingbecauseofmethodological
and treatment differences, which is confirmed by comparison
of four randomized controlled trials, where only one study
demonstrates promising results'®. Unfortunately, there is
lack of high-quality studies to state the useful therapeutic
effects of electrical stimulation'®. Several published studies
show good results in combing lower limb FES with functional
activities like cycling'™'8, but there is limited information
about the effect of concurrent FES and therapeutic exercises
(TE) on trunk muscles’ force generation and fatigue during
the one therapy session.

Due to long pre-study inactivity of SCl patients, related with
local rehabilitation system, was the aim of the current study
to evaluate the immediate impact of the first therapy session
on paralyzed muscles activation. Throughout the study
project consisted of twelve therapy sessions, but current
paper compares the muscles force generation and fatigue
characteristics before and after single physiotherapy session.

The aims of the study were to evaluate the force generation
and fatigue of ES and rectus abdominis (RA) during one
therapy session containing FES+TE and TE, and to compare
the efficacy of both treatments based on the selected
characteristics in persons with incomplete cervical SCI.
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Methods
Study design and participants

Current feasibility study was a preliminary research to
estimate the selected assessment and treatment methods
for full-scale study. Crossover study design was used for the
research. The representation of the study design is presented
in Figure 1.

Eighteen SCI patient’'s data were obtained from
University hospital. The suitability for the study was
initially specified with a telephone-interview, followed by
the consultation of the neurosurgeon who confirmed that
the participant can be included in the study. The inclusion
and exclusion criteria of the study are presented in Table 1.
Thirteen participants were excluded from the study due to
inadequacy of inclusion criteria. A total of five participants
completed the study.

Participants were alternately assigned to two groups -
group one performed simultaneous FES and TE (FES+TE)
of ES and RA, group two performed only TE (TE). First
participant enrolled FES+TE group, subsequent participant to
TE group etc. Crossover study design was used - participants
who were initially assigned to FES+TE group were seven
months later assigned to TE group and vice versa.

Despite that one SCI person with AIS C was enrolled
to study, the respective data was not compared with AIS
B persons’ data, whole group mean was used in data
analysis. Considering the close area of denervation and
the innervation of multiple muscles by one nerve root, the
authors of current study assume that AIS C person’'s data
have minimal effect on results. Despite that whole therapy
program lasted for 6 weeks consisted from 12 therapy
session, in current research paper, data from only the first
therapy session was used for analysis.

Participants’ demographic data, duration and classification
of SCl are presented in Table 2.
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Table 1. Inclusion and exclusion criteria of the study.

Inclusion criteria

Age 18-55

Age 18 defines the grown-up; therefore, participants are responsible for themselves.
For participants over 55 years, age-related sarcopenia could have effect on results.

Chronic SCI (=12 months’ post
injury)'®

During acute or sub-acute phases spontaneous recovery could happen which is minimized in
chronic stage.

Traumatic origin of the injury, located
in the cervical region resulting in
tetraplegia

Traumatic spinal cord injuries are more frequent and larger and more homogenous sample size
could be achieved.

Scoring by American Spinal Injury
Association Impairment Scale (AIS)
atBorC

AIS B indicates that sensory but not motor functions are preserved below the neurological level,
including the sacral segments S4-S5. Score C indicates that motor functions are preserved
below the neurological level but more than half of key muscles below the neurological level have
amuscle grades O-2. Both of the Scores are classified as incomplete lesions.

Able to sit unsupported on a custom-
made chair

Measurements are done unsupported. Multidirectional limits of stability are measured and also
muscle activity in various directions.

Exclusion criteria

Complete spinal cord injury (AIS A)

AIS A indicates that no motor or sensory function is preserved in the sacral segments S4-S5 and
it is classified as complete lesion, therefore no voluntary muscle contraction is possible.

Cardiopulmonary insufficiency

Contraindication for electrical stimulation

Cardiac pacemaker

Contraindication for electrical stimulation

Oncological disease

Contraindication for electrical stimulation

Epilepsy

Contraindication for electrical stimulation

Open wounds or metal implants in the
area, where FES was planned to be
performed

Contraindication for electrical stimulation

Table 2. Participants’ anthropometric data, duration and classification of spinal cord injury.

Subject ‘ Age (years) ‘ Weight (kg) ‘ Height (cm) ‘ BMI (kg-m2) . Time post AIS score ‘ Le\{e! of the
injury (years) injury
1 44 119.3 181 36.42 12 B Cé6
2 44 772 188,5 21.61 6 B C6
3 41 64.3 177,5 20.29 19 B C5
4 27 62 195 16.31 4 B Cé6
5 39 61.5 173 20.55 13 C C5
mean=SD 39.0+£7.0 76.9+24.6 183.0+8.8 23.0£7.7 10.8+6.0 N/A N/A
95% CI 30.3,47.7 46.4,107.4 172.1,193.9 13.4,32.7 3.4,18.2
Abbreviations: SCI - spinal cord injury, BMI - body mass index, AlS - American Spinal Injury Association Impairment Scale, SD - standard
deviation, N/A - not applicable.

Statement of ethics

We confirm that all
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applicable
governmental regulations concerning the ethical use of
human volunteers were followed during this research.
The current study was approved by Research Ethics
Committee of the University of Tartu (permit number: 263/
T-4, 17.10.2016), all patients signed a written informed
consent for participation in the study. The study protocol is
registered in the United States National Library of Medicine,
(ClinicalTrials.gov) ID NCTO3517787, protocol ID Spinaal.

Intervention

institutional and Therapy consisted of eight different exercises forimproving
sitting balance and upper body posture (Supplementary
data). Each exercise had 12 repetitions and included three
sets. Participants’ training was conducted in their home, in
their own wheelchair with the guidance of physical therapist.

Pre-set program from four-channel FES device (I-Tech
Medical Division, Martellago, Italy) was selected to deliver
transcutaneous electrical stimulation using self-adhesive

gel electrodes (5x5 cm) (I-Tech Medical Division, Martellago,
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Italy). Electrodes were placed on thoraco-lumbar area of the
ES and RA muscles bilaterally. Proximal electrodes on ES
were placed at the T8 level and distal electrodes at the L4
level. Proximal electrodes on RA were placed at the level of
10" costa and distal electrode at the level cristailiaca. ES and
RA were chosen for stimulation as these muscles have been
shown to contribute significantly to trunk stability*°. The
purpose of selecting pre-set FES program was to allow the
participants to continue training with the same parameters.
Program was selected mainly according to the frequency
parameters. Lower frequency parameters postpone fatigue
anddiscomfort?' andthey are also in compliance with previous
studies??. FES program consisted of three phases: warm-up,
work and recovery. Characteristics of the program were
obtained from users’ manual?®. Frequency was set to 3 Hz for
warm-up and recovery phases. During work phase, frequency
alternated according to the following scheme: 8 Hz for 18
sec, 2 Hz for 2 sec and 18 Hz for 10 sec, etc. Alternation of
the frequency repeated continuously without a pause. Work
phase lasted for 30 minutes and both warm-up and recovery
lasted for 5 minutes. Pulse duration of the program was 275
ps. Intensity of current was individually increased and was
set as high as strong visible evoked muscle contraction was
obtained, but no unpleasant sensation was reported by the
participants if some sensory function had remained. Muscles
were activated simultaneously to generate co-activation and
therefore to stiffen the trunk. To maintain correct alignment
of the upper body during stimulation, the intensity of the
stimulation on one muscle was bilaterally equal.

Outcome measures

Telemetric 16-channels EMG device (Mega Electronics,
Ltd, Kuopio, Finland) was used to measure electrical activity
of ES and RA. Mega Electronics software was also used for
analysis of data (Mega Electronics, Ltd, Kuopio, Finland).
Skin was cleaned with alcohol and shaved if needed. After
skin preparation, bipolar 8-shaped electrodes (Noraxon,
Scottsdale, Arizona, USA), spaced 2 cm apart and oriented
parallel to the long axis of the muscles, were placed above
muscles bilaterally. Electrode for ES was placed at the L2
level and for RA two cm below the umbilicus bilaterally.
Measurements were conducted prior to the therapy session
and immediately after to obtain acute changes of the
measured characteristics. Measurements were done on a
custom-made chair, which enabled participants to sit with
90° angle in their hip and knee joints. Participants were
asked to keep hands on their thighs. EMG data were initially
registered in the resting state, followed by a maximum
voluntary isometric contraction (MVC) of ES and RA muscles
for three seconds. Nicholas MMT hand-held dynamometer
model 01160 (Lafayette Instrument, US) was used to register
the values of MVC characteristics. For the measurement of
MVC of ES, dynamometer was placed between participants’
scapulae and participant was instructed to push backwards
against the dynamometer. For the measurement of MVC
of RA, dynamometer was placed on the upper part of
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sternum and participant was asked to flex the trunk and
tighten abdominal muscles. Three repetitions of MVC
were performed, with one-minute resting time between
the attempts. The data with the highest MVC value and
therefore also with the greatest muscle activity were used
for analysis. EMG sampling frequency was set to 1000 Hz
and Raw Free measuring component was used for analysis.
Measuring range was -3000 to 3000 pV. The duration of
data used for analysis was two seconds. Average Spectrum
algorithm was used for the analysis. EMG amplitude (AEMG,
pV) was collected to measure electric potential differences
within each muscle as a result of motor unit action potentials
produced by the central nervous system and to imply
muscles’ force generation. EMG median frequency (MF, Hz)
was collected to characterize muscle fatigue. Higher post-
intervention amplitude parameter reflects greater muscles’
force generation and lower MF shows greater fatigue level?“.
Alltesting procedures were conducted in participants’ homes.

Statistical analysis

Data analysis was performed using SPSS software (version
20, IBM Corporation, New York, NY, USA). Descriptive
statistics were used to explain the demographics and SCI
characteristics. Shapiro-Wilk test was used to analyze
normality of data distribution. As the sample size was very
small and data were not normally distributed, Kruskal-
Wallis H was used to compare data between groups. Dunn’s
post-hoc tests with Bonferroni correction were carried out
for pairwise correction after a significant Kruskal-Wallis H
test. Wilcoxon signed-rank test was used for within-group
comparison. Probability value (p-value) less than 0.05 was
statistically significant. Hegdes’ g was calculated to describe
the effect size. A value of 0.2 of g was considered small, 0.5
medium and over 0.8 as a large and substantial difference?®.

Results

Pre- and post-intervention data for AEMG and MF for both
study groups are presented in Table 3.

Amplitude

Effect size values for AEMG change of left and right ES
demonstrated large difference from baseline measures for
FES+TE and small to large difference for TE. Comparison
between FES+TE and TE indicated that AEMG of both left and
right ES did not differ significantly pre- (P>0.05) and post-
intervention (P>0.05).

Effect size values for AEMG change of left and right RA
demonstrated that the therapy had substantial effect on
FES+TE characteristics. Therapy had almost no effect on TE.
Comparison between groups revealed that pre-intervention
AEMG of left RA was significantly lower for FES+TE (P<0.05,
g=-1.43, 95% CI -2.82, -0.04). Post-intervention AEMG
characteristics did not differ significantly between groups.
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Table 3. Mean (standard deviation) pre- and post-intervention results for amplitude and median frequency and effect size of the intervention.

Amplitude (uV)
ESL 2.80(2.49) 11.0(11.11) -0.92 8.20(8.64) 12.20(6.83) -0.46
ESR 3.20(3.19) 8.80 (6.30) -1.01 5.60 (4.45) 11.00 (5.70) -0.95
RAL 1.40(0.89) 5.80 (6.87) -0.81* 5.60 (3.65) 6.00 (5.10) -0.97
RAR 1.80(1.79) 6.60 (6.03) -0.08 6.00 (4.30) 5.40 (4.98) 0.12
Median Frequency (Hz)
ESL 16.40 (21.16) 34.20(22.13) -0.74 21.00 (19.61) 41.00 (15.56) -1.02
ESR 16.20 (21.24) 46.00(21.85) -1.25 17.60 (17.60) 46.00(13.34) -1.64
RAL 3.00(4.47) 29.60 (10.21) -3.05* 30.80 (19.15) 31.80(11.84) -0.06
RAR 3.40(5.37) 31.20(12.85) -2.55* 24.00 (16.46) 31.40(12.18) -0.46
Abbreviations: SCI - spinal cord injury. FES - functional electrical stimulation, TE - therapeutic exercise, ES - m erector spinae, RA - m rectus
abdominis, L - left, R - right, * - P<0.05.

Median frequency

In current study, median frequency characteristics
increased as a result of single session therapy, indicating that
muscle activation increased, and activated muscles’ fatigue
did not occur.

Effect size values for MF of left and right ES demonstrated
that therapy had medium to considerable effect on both
groups. Comparison between groups did not show any
statistically significant differences for pre- and post-
intervention.

Effect size values for median frequency of left and right RA
demonstrate that therapy had considerable effect on FES+TE
and almost no effect on TE. Comparison between groups
indicated that pre-intervention MF was significantly lower for
FES+TE as compared to TE for both left (P<0.05, g= -1.80,
95% CI -3.28, -0.33) and right RA (P<0.05, g=-1.52, 95% CI
-2.93, -0.11). Post-intervention characteristics did not differ
between groups (P>0.05).

Discussion

The most important finding of the present feasibility
study was that combined functional electrical stimulation
and therapeutic exercises improved trunk muscles’ force
generation and postponed their fatigue more than therapeutic
exercises alone in incomplete spinal cord injured persons.

Due to limited published information about paralyzed
muscles’ force generation and fatigue during concurrent
FES and TE for trunk muscles, the aim of the study was to
assess the electrical activity of ES and RA during one therapy
session in cervical SCI persons.

It is known that FES is a method applied in physiotherapy
to induce contraction of paralyzed muscles'®, but at the
same time the main FES training limitation is the inability to
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maintain sufficient contraction force over the training period,
whereby electrical stimulation with multiple repetitions will
result in significant force decline?®. The authors of current
study combined FES+TE to assess whether two methods
conducted simultaneously have better outcome than TE alone
on improving trunk muscles’ force generation and fatigue.

In both SCI groups, pre-intervention AEMG characteristics
of ES and RA were minimal, but they were slightly higher
for TE group. Post-intervention characteristics increased
more noticeably in FES+TE group. The increase of post-
intervention AEMG characteristics is explained by the
knowledge that very few MUs need to be recruited for EMG
to register any activity?”. Before the therapy, some of the SCI
persons were not able to recruit ES and RA, but after FES and
TE, activation in muscle recruitment was identified. Changes
were more evident in the FES+TE group and more for the
RA, as named muscle is innervated by lower thoracic spinal
nerves. ES is innervated by dorsal rami of lumbar spinal
nerves, which originates from the lower part of spinal cord??;
therefore, innervation of ES could be more impaired. Current
study revealed that FES+TE group activated their RA muscle
significantly more after single session therapy compared
with pre-intervention characteristics, which is explained by
combined muscle activation therapies and partial innervation
of the muscle. According to the study results confirming, that
TE group post-intervention RA muscles’ force generation was
not as extensive as in FES+TE group, then it can be assumed
that FES generates much powerful muscle contractions
and recruit more fibers in paralyzed muscle than voluntary
contraction during therapeutic exercise.

AEMG can provide an indirect measure of the magnitude of
muscle force?® and therefore it is an appropriate to describe
recovery of voluntary contraction and muscle activation3°.
Comparison of the effect size results confirms that combined
FES+TE has more influence on muscles’ force generation
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than TE only. AEMG of ES and RA was higher in FES+TE as
compared to TE. Although the post-intervention results of
AEMG were significantly higher for only RA muscle, the effect
size characteristics showed a substantial effect of FES+TE
therapy, which confirms that FES has more influence on force
generation than only TE in SCI persons.

It is commonly accepted that greater fatigue as a result
of electrical stimulation is explained by the Hennemann
size principle, where MU recruitment is reverse of the
physiological recruitment order?® and constant muscle
fibers recruitment order®'. In contrast, according to Gregory
& Bickel*? the muscle recruitment pattern during electrical
stimulation could be random, causing more fatigue than
during voluntary exercise. The authors stated that the
greater the force decline with electrical stimulation, the
greater is the fatigue. In the current study, FES was used in
combination with TE and therefore greater muscle fatigue
was expected. Similarly, to the AEMG, MF was also minimal
during the initial assessment, indicating that almost no
electrical activity in ES and RA was noticed in both SCI
groups and therefore, any decline in MF characteristics
was impossible to register. The obtained results were
opposite - MF increased in both SCI groups, showing that
both FES and TE are effective in activating muscles. The
results were also more significant for FES+TE and for RA
indicating that FES+TE is more effective than only TE.
Increase in MF also confirms that more MUs are activated
and therefore voluntary muscle contraction improves3334,
As the voluntary muscle activation progresses, larger and
faster MUs are gradually recruited, and the change can be
seen as an increase in spectral parameters like MF32. The
recruitment of new MUs results in greater force generation
which is in accordance with the results of this study. The
increase of MF was also more noticeable in FES+TE group,
showing that FES is more effective in recruiting muscle
fibers. This result is in accordance with previous published
work stating that reqular physical activity consisting of
TE and preferably FES to paralyzed body parts should be
conducted to maintain the current state and to promote
functional plasticity'®. Functional exercise has shown good
results in improving SCI persons’ unsupported sitting* but
adding FES to the therapy could bring even better results
in long term as more efficient muscle activation occurs.
Unfortunately, there is little evidence to support these
findings. According to recent systematic review, there
are very few high-level studies, confirming that physical
therapy increases muscle strength in paralyzed muscles®s.
Another systematic review that compared different SCI
persons physiotherapy methods, includes only one study
that met their criteria®®. It has been found that resistance
training versus no intervention, also resistance training
combined with FES versus no intervention has statistically
significant differences. Again, it must be noted that there
is limited or absent information about FES and strength
training, generating trunk muscles force in SCI persons.

The effect of single session FES is relevant for the therapist
to analyze the course of therapy and to understand whether
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the selected training characteristics are appropriate or not.
Immediate effect of FES and TE gives knowledge whether
the previously inactive muscles could be activated with one
therapy session or repetitive therapy is needed for significant
activation of muscles.

The clinical importance of the study is the knowledge
that appropriately selected FES combined with TE could be
an effective method to use in SCI persons’ rehabilitation to
improve participants’ muscle recruitment. This feasibility
study showed that selected research methodology was
appropriate, but before clinical implementation, the study
should be replicated with larger sample size.

Limitations of the study

Limitation of the study is relatively small sample size,
which may not be representative of all SCI participants of this
age. However, in accordance with this current study, there
are number of studies conducted with similar sample sizes
investigating persons with SCl and the application of FES®3738,
Several therapies need to be conducted to conclude whether
concurrent FES and TE has an advantage over TE for muscles’
force generation during longer period. Also, an absence of a
non-training group is considered as a limitation of the study.

Conclusion

Based on the results of the current study, it can be
concluded that single session functional electrical stimulation
in combination with therapeutic exercises could be more
effective in improving trunk muscles’ force generation and
postponing their fatigue as compared with exercises therapy
alone in chronic, incomplete spinal cord injured persons.
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